The propulsion system includes four 1985 technology high bypass ratio (BPR) engines. The
engines are located on the wing primarily because of the airplane balance requirements and
the engine design constraints (TSLS <90,000 ]b) that require a minimum of four engines for
the study airplanes. Airplane balance is the correct relationship of the center of gravity (cg)
of the airplane to aerodynamic stability limits for different loading conditions. This relation-
ship is more difficult to achieve when the engines are on the aft fuselage, especially for air-
craft with heavy payloads and large high bypass ratio engines. Because of the difference
between the position of the payload cg and the propulsion system cg, large shifts in the air-
plane cg would occur from one operating condition to the next. The spanwise locations
were set by flutter considerations and provide wing bending relief.

3.2 LAMINAR FLOW CONTROL CONFIGURATION, MODEL 767-773
The general arrangement of the final laminar flow control configuration is shown in Figure 9.

Fuselage and empennage arrangements are similar to the turbulent airplane configuration.
The wing planform has a higher aspect ratio (AR) and lower sweep than the reference tur-
bulent airplane wing. The geometry characteristics were determined by the wing geometry,
cruise speed optimization study discussed in Section 6.0. The high-lift system consists of a
single-slotted 747 SP-type trailing edge flap with a flap chord ratio (Cp/C) of 0.225 and a
flap Fowler action (C’/C) of 1.08. Additionally. the inboard and outboard ailerons can be
dropped to 10 deg. This configuration has no LE devices to avoid the anticipated difficulties
of maintaining smoothness tolerances necessary to retain laminar flow over leading-edge
junctions.

The wing and tail surfaces are slotted to provide laminarization to 70-percent chord. Suction
is provided by ram-air turboshaft engine/compression uniws. Four of these units are located
on the wing and two units are located on the empennage. The LFC design considerations
affecting development of this configuration arrangement are discussed in Section 5.0. The
location of the main propulsion engines on the wing was necessary to balance the airplane
This is an extremely important consideration for very large LFC airplanes. The engine,
nacelle, and strut must be designed to avoid acoustic and pressure field disturbances that
could prohibit the achievement of laminar flow.

3.3 CONFIGURATION COMPARISONS

The structural and systems weight associated with laminar flow control is very dependent on
the configuration arrangement and the structural design concept. Innovative detailed LFC
system design studies, such as those currently underway in the NASA LFC Techi logy and
System Development program, (3) gre necessary to identify the weight implications of LFC.
Consequently, the final LFC configuration has been sized with various levels of LFC struc-
tural and system weight increments. Tne results therefore show the sensitivity of the LFC
performance benefits to the LEFC system and weight increments.

The geometrical characteristics of the final LFC and the reference turbulent configurations

are summarized in Table 1. Group weight statements are shown in Table 2.
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Table 1

Configuration Design Characteristics

TURBULENT FINALILFC CONFIGUR‘ATION
DESIGN ITEM LUEIGRA TR
IMODEL 767-768]
00 | 225 | 3.0

Payload, |b 350,000

Major Range. nmi 10,000

design Cruise Mach no. 0.78 0.79

BargImeters TOFL, ft 9,000 8650 | 8950 [ 9,050
Turb, climb alt, ft w2 35,000
TOGW, Ib 1,665,800 1,408,980 1,551,560 1,607,650
OEW, Ib 608,600 576,080 725,160
Fuel, Ib 668,600 455,960 502,650
Reserves, Ib 43,300 30,870 34,160
Length, ft 252

Fuselage Max diameter, in. 4265
Wetted area, ft2 21,927

Landing Nose 4 (49 x 17)

gear Main 40 (49 x 17)
Area, ft2 14,785 13,420 15,310
Wetted area, ft2 25,849 23,555 26,108 27,105
Laminar treated area. ft2 /;;/// 15,839 17,5658 18,229
ARQ 12
A¢jg deg 20 10
Span, ft 4212 4334 | 4548 | 4630
A 0.30
MAC, ft 385 | 340 [ 366 | 36.3
t/c, root/tip 0.14/0.08
Area, ft2 2,562 2,290 2,460 2,510
Wetted area, f12 5118 4,574 4,914 5,014
Laminar treated area, ft2 //W/ 3.013 3,237 3,303
AR 5.07 6.42

:‘I’I”"’m‘" A, /4 deg, inbd/outbd 0.0/22.5
A inbd/outbd 0.0/0.63
t/c N
MAC, ft 229 19.2 19.9 20.1
Tail vol coeff 0.655 0.72 0.67 0.65
Area, ft2 (2 tails) 2.392 1,820 2,055 2,150
Wetted area, ft2 4,784 3,640 4,110 4.300
Laminar treated area, f12 //////// 2,237 2,526 2,643

Vertical AR 1.00

tail ‘\C/4' deg 54
A 0.52
t/c 0.12
MAC, ft 38.2 31.2 33.1 33.9
Tail vol coeft 0.045 0.038 0.037 0.037
Type/BPR STF 482/7.5
No./LOC 4/Wing mounted

Propulsion
SLST, b 77,200 63,400 67,850 69,600
Wetted area, ft2 3,120 2,562 2,742

Suction units | No./LOC ///////// 4/Wing mount + 2/Tail mount
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Table 2 Configuration Weight Comparisons

TURBULENT FINAL LFC CONFIGURATION
CONFIGURATION 5 B
(AWT)LFC Ib/ft4
MODEL 767-768 0.0 T 2.25 3.0

ITEM POUND POUND POUND POUND

Wing 211 000 211 860 289 180 (a) 320 140 (a)

Horizontal tail 11 900 10 730 19 620 (a) 22 830 (a)

Vertical tail 15430 10 720 18 920 (a) 22 180 (a)
Body 186 630 180 910 183 890 185 060
Main gear 37 600 34 720 36 820 37 630
Nose gear 5 760 5320 5 650 5770
Nacelle and strut 23 800 19 550 20 920 21 460
Total structure 492 210 473 810 575 000 615070
Engine 50 030 3¢S 780 :3 060 44 360
Engine accessories 1330 1330 1330 1330
Fuel system 6 740 5980 6 400 6 570
Engine controls 320 320 320 320
Starting system 320 320 320 320
Thrust reverser 6770 5570 5 960 6110
Total propulsion group 65510 53 300 57 390 59 010
Auxiliary power unit 2 000 2 000 2 000 2 000
Instruments and nav equip 1270 1270 1270 1270
Surface controls 21 310 19 660 20 820 27 280
Hydraulic/pneumatic 4 680 4420 4770 4910
Electrical 3120 3120 3120 3120
Avionics 3 140 3 140 3140 3 140
Furnishings and equipment 6710 6710 6710 6 710
Air cond and anti-icing 3620 3620 3620 3620
Auxiliary gear 270 270 270 270
Total fixed equipment 46 120 44 210 45 720 46 320
Manufacturer’s empty weight 603 840 571 320 678 100 720 420
Crew 1290 1290 1290 1290
Crew provisions 320 320 320 320
Oil and trapped oil 600 600 600 600
Unavailable fuel 800 800 800 800
Payload provisions 1750 1750 1 750 1750
Total non exp useful load 4760 4760 4760 4760
Operational empty weight 608 600 576 080 682 870 725 160
Payload 350 000 350 000 350 000 350 000
Fuel 668 600 455 960 489 640 502 650
Reserves 43 300 30870 33 250 34 160
Takeoff gross weight 1 665 800 1408 9€0 1551 560 1607 650

(a)  Includes total LFC systems plus structural weight increment as (AWT)LFC x treated

wetted area (defined in Table 1).
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Cruise drag comparisons of the turbulent flow and LFC contigurations are shown in Figure
10. The reference turbulent airplane model 767-768 has a relatively high lift/drag ratio
(L/D = 27.9). This is because of its large wing span/wetted area ratio. The profile drag of the
wing and empennage is a large portion of the total cruise drag. Reduction of this drag ele-
ment by LFC increased the cruise lift/drag ratio significantly (L/D = 40.1).

Gross weight comparisons of the study configurations are shown in Figure 11. The reference
turbulent configuration is a large airplane (TOGW = 1,665,800 Ib). Th> block fuel required
to meet the mission objectives constitutes 40 percent of the gross weight. Hence. it might be
expected that a large fuel savings by LFC would also reduce the takeoft gross weight
(TOGW) if the associated system and structural weight increments are not signiticant. The
relative fuel and gross weight savings with LFC are discussed in more detail in Section 4.0.

17
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4.0 CONFIGURATION PERFORMANCE AND ECONOMICS

The turbulent flow and laminar flow control configurations discussed in Section 3.0 were
used to identify the potential impact on LFC on the fuel consumption, weight, life-cycle
costs, and operating costs. Sensitivity studies also were conducted to determine the impact
of the LFC weight increment, fuel price, LFC maintenanee, and technology complexity
costs. Additional performance and sensitivity studies included:

Payload-range capability
L Design takeoff field length study
®  Effect of loss of LFC
° Extent of laminarization study
L] Body drag reduction study
4.1 MISSION RULES AND PERFORMANCE OBJECTIVES

The flight profile and mission rules used in developing the study configurations are shown in
Figure 12. The following performance objectives and constraints have been used to size air-
plane configurations:
L] Objectives:

®  Payload = 350,000 Ib

® Range = 10,000 nmi

e  Cruise Mach: determined by tradeoff studies
®  (onstraints:

L Field length: 9,000 ft maximum

° Minimum climb altitude: 35,000 ft with turbulent drag levels for LEC airplane
The range and payload objectives were the defined goals of the study to meet the long-range
military airlift requirements. The 9,000-ft military critical field length requirements will
allow operation off existing runways. The LFC configurations additionally were required to

climb to 35,000 ft with fully turbulent flow drag levels. This would allow the LFC airplanes
to climb above typical snow or rain storms to establish laminar flow.




@
e PAYLOAD = 350,000 Ib
@ @ Q 75 463L CARGO CONTAINERS
® 3 M-60 TANKS
MISSION RANGE . I
| 10,000 nmi i
MISSION ELEMENT ALLOWANCES
(j) START, TAXI, TAKEOFF e 5MINUTES AT MAXIMUM CRUISE THRUST AT SEA LEVEL
e 1 MINUTE AT MAXiMUM TAKEOF~ THRUST AT SEA LEVEL
@ CLIMB e CLIMB FROMSEA LEVEL TO BEST CRUISE ALTITUDE AT
MAXIMUM CLIMB POWER
@ CRUISE-CLIMB e CRUISE-CLIMB AT BEST CRUISE ALTITUDE
@ DESCENT e NO ALLOWANCE FOR FUEL, TIME, OR DISTANCE
RESERVES
@ LOITER e 30-MINUTE LOITER AT MAXIMUM ENDURANCE SPEED AT
SEA LEVEL
@ LANDING e LAND WITH 5% OF INITIAL MISSION FUEL

NOTES: ) SFC IS INCREASED BY 5% THROUGHOUT THE MISSION
@ TAKEOFF DISTANCE ISBASED ON ALL ENGINES OPERATING
e TAKEOFF SPEED = 1.2 Vs
e DISTANCE TO 50 ft OBSTACLE <9000 ft, SEA LEVEL, 90°F

e ONE ENGINE-OUT CLIMB REQUIREMENT =100 FPM
INITIAL CRUISE ALTITUDE =>30,000 ft FOR TURBULENT AIRPLANE
CLIMB TO 35,000 ft WITH TURBULENT DRAGS FOR LFC AIRPLANE
ENROUTE CRUISE SPEED =300 KEAS

GICI®

Figure 12  Flight Profile and Mission Rules
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4.2 ENGINE-AIRFRAME MATCHING

The procedure used to size the airplane configurations is indicated by steps 3 and 4 of

Figure 3. The detailed design layout of each configuration was evaluated to provide base
point thrust, weight, aerodynamic, and flight control data. In addition. scaling relations
were derived by further analyses to account for changes in wing size, engine size. and gross
weight variations in the resizing cycle. A parametric engine-airframe matching method
described in Reterence 8 was used to determine the best combination of engine size. wing
size, fuel requirements. and gross weight necessary to achieve the design mission objectives.

The design selection chart for the reference turbulent airplanc is shown in Figure 13. This
type of design chart parametrically shows the effect of thrust/weight ratio (T/W) and wing
loading (W/S) on the airplane gross weight and block fuel requirements. Performance factors,
such as takeoff field length (TOFL), initial cruise altitude capability (ICAC), and the ratio
of the initial cruise lift coefficient capability to the lift coefficient for maximum lift/drag
ratio (CLR) also are identified.

The minimum gross weight for the turbulent airplane requires a high wing loading of approx-
imately 160 Ib/ft:. With the high wing loading, the configuration could not meet the TOFL
requirement. The minimum fuel burned arrangenient requires a lower wing loading (110 Ib,
ft2). This configuration does meet the takeoff field requirements of 9.000 ft. The final
design for the turbulent airplane was selected by considering the trade between fuel burned
and gross weight along the TOFL = 9,000-ft constraint line (Figure 14). The sclected design.
which has a wing loading of 112.7 lb/t‘tz. has almost the minimum fuel requircments. and
has a gross weight within approximately 2 percent of the minimum gross weight tor this
configuration. This selected wing loading corresponds to a span loading (W/b2 )of 9.3 1b/ft=.

The corresponding design selection chart for the LFC configuration is shown in Figure 13.
T'he minimum gross weight configuration would require a wing loading in excess of 120 Ib/
D : 3 . T - . " 55
ft=. The design wing loading for minimum fuel is approximately 95 Ib/ft-.

The LFC configuration is required to climb to 35.000 ft with fully turbulent drag levels and
also has the TOFL limit of 9,000 ft. The 35,000-ft turbulent climb altitude limit is equiva-
lent to an initial climb altitude capability of 41,000 ft with the laminarized flow drag levels.
These two design constraints limit the acceptable design region. Neither the minimum fuel
nor the minimum TOGW configuration meets the design constraints.

The LFC configuration was sized with different levels of LFC system and structural weight
penalties by considering the trade between gross weight and fuel burned as shown in Figure
. . ¥ ~ on ) < .
16. The selected design has a wing loading of 105 Ib/ft=. This corresponds to a span loading
- 9 ~ o . o o ~ .
of 7.5 Ib/ft=. Because of performance constraints, the selected designs for the LFC configu-
ration have a gross weight approximately 7 percent greater than the minimum gross weight
arrangement and require approximately 5 percent more fuel than the minimum fuel LFC
configuration.

8. Wallace, R. E., Parametric and Optimization Techniques for Airplane Design Synthesis,
Paper No. 7 in AGARD-LS-56, April 1972.
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T R N o s g A s i

FUEL
103 1b

720 +

TOGW
108 1b

1.75

1.70

1.65

1.60

i

RANGE = 10,000 nmi WING GEOMETRY
PAYLOAD = 350,000 Ib AR =12
e MACH =0.78 Ae/ L 200
L D
DESIGN MIL TOFL = 9000 ft t/e = 0.14/0.08
TOGW 3(.
1% 1%
0
2 — LIMITED BY
FUEL % 2% I TOFL
N A 2.3%
1% A~ 1%
MIN FUEL —L— @ MIN TOGW
]
100 110 120 130 140 150 160 170
WING LOADING, W/S, Ib/ft2
8 9 10 1 12 13 14

SPAN LOADING, W/b2, Ib/ft2

Figure 14 Reference Turbulent Airplane Design Selection
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4.3 LFC FUEL AND WEIGHT SAVINGS

Weight and performance characteristics of the reference turbulent airplane and the LFC
configuration sized for different LFC system weight increments are summarized in Table 3.

The uncycled operating empty weight (OEW) buildup for the LFC configuration is shown in
Figure 17. The wing and tails comprise a significant portion of the OEW. Therefore, the
LFC structure and the systems weight increment per unit laminarized area, (AW pc»
can significantly affect the OEW.

The final LFC configuration model 767-733 was sized with an LFC weight penalty of 2.25
Ib/ft2. The LFC systems, which include the suction pumps, suction engines, main collector
ducts. and manifolds, and installation penalties to surrounding structure contribute about
half of this weight increment. The other portion of the LFEC weight increment is the impact
on wing and empennage structural material weight.

Ongoing LFC systems development studies may result in integrated structural concepts, and
systems load sharing/management techniques that may well reduce both the LFC structural
and LFC system weight penalties.

An important objective of this study was to identify the sensitivity of the LFC benefits to
the total LFC structural and system weight. Most of the performance and trade studies
described in this section assumed an LFC total weight penalty of 2.25 Ib/ft2. LEC structural

and system weight considerations are discussed further in Section 7.5.

Ihe fuel saving, TOGW reduction, and OEW change of the LEFC airplane sized with different
(AWT) g relative to the reference airplane also are shown in Figure 17.

5 . . - i) ~ < . . ~ .
For a LFEC weight increment of 2.25 1b/ft= of laminarized arca, the impact of laminar flow
on fuel and weight is:

® Fuel savings of 27 percent

L Reduction in TOGW of 7 percent

® Increase in OEW of 12.2 percent

Nearly all of the increase in OEW is due to the higher wing aspect ratio for the LFC configu-
ration. This is shown in Section 4.7. Figure 17 also shows that a further reduction of the
total L FC systems and structural weight penalty of 0.5 Ib/ft= produces the following addi-
nonai effects:

@ Fuel savings of | percent

®  (ross weight reduction of 2 percent

® OFW reduction of 4 percent
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SLOTS, PLENUMS,
SKIN BLEED HOLES,AND
—\ SPANWISE DUCTS

1. SKIN STRINGER — T X e n s y—
ox T

STRINGERS

(BONDED)

NON STRUCTURAL GLOVE
(POROUS, PERFORATED,
OR SLOTTED)

B O X X X X R O XXX XYY XXX

2.  GLOVE CONCEPT

“— PRIMARY STRUCTURE

SLOT AND PLENUM FULL-LENGTH SPANWISE DUCT
/ LOUTER SKIN /
3. INTEGRAL BONDED = i o -
HONE YCOMB CONCEPT ?‘—r m M —
BLEED
HOLE /?"
TRIBUTARY Z i
ZINNER SKIN Z DUCT AND HONEYCOMB
NOZZLE

INTEGRAL

BONDED
TECHNICAL AND OPERATIONAL SKIN GLOVE HONEYCOMB

CONSIDERATIONS STRINGER CONCEPT _| CONCEPT _|
e WEIGHT (=) O ®
e PRODUCTION COST & @) [
e MAINTENANCE [ O -
e STRUCTURAL INTEGRITY =) O &
o INSPECTION . O Q RELATIVE
» RATING
e CERTIFICATION (=) O @ ~
BEST
ECHNICAL RISK

. - O ® @ | GOoD
o EASE OF LAMINARIZATION = ®) ® O l| POOR

Figure 36 Laminar Flow Control Structural Concept Considerations
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number of technical and operational concerns. The glove weight 1s parasitic and results in a
heavier structure. Manufacturing costs would probably be high because different manufac-
turing techniques and additional tooling would be required for the basic wing structure and
the glove.

Maintenance costs also would be relatively high. A glove designed to reduce the inherent
weight penalty would be susceptible to damage. Additionally, a large inventory of expensive
and noninterchangeable replaceable panels would be required at cach maintenance station.
A nonload-carrying glove must allow for wing flexing. This offers structural concerns such as
fatigue effects and scrubbing of the panels against each other, and the problem of water
ingestion later turning to ice. Routine inspection of a glove would be difficult because the
basic load-carrying structure is hidden from view. This fact, together with the possible loss
of one or more panels in flight. could also make certification difficult and greatly increase
the technical risk.

The X-21 LFC wing was an early version of an integrated duct load-carrying structure.
Current NASA-sponsored LFC studies include an effort to develop integrated duct load-
carrying structural concepts that will effectively utilize existing and projected advanced
technology, materials, design, and manufacturing techniques. This concept promises a
lightweight aerodynamically smooth structure with low technical risk through design
innovation.

An integrated duct load-carrying structure was assumed for the large military configurations
of this study. Extensive design and development studies would be necessary to identify
weight characteristics and production/development costs. Hence, the emphasis in this study
has been on identifying relative benefits and sensitivity data rather than on calculating
specific values.

5.5 SUCTION SYSTEM

The suction system design was based on location of two suction pump compressors on each
wing. two suction engines in the empennage, and 0 to 70-percent chord laminarization of
the wing, and vertical and horizontal stabilizer. This is shown schematically for the wing in
Figure 37.

Specific design criteria applied to the wing duct system included: two separate levels of suc-
tion (upper surface and lower surface); duct airflow velocity of Mach=0.2 maximum; slot
Reynolds number of from 50 to 80; slot velocity of 75 to 100 ft/sec: and suction duct pres-
sure level equal to minimum surface pressure minus 15-percent free-stream dynamic pressure.
Spanwise collection ducts provide for collection of air from 0 to 70 percent of wing chord
tor both upper and lower surfaces. Mixing of local chord suction air is accomplished at the
suction engine location for each surface.

The same duct and slot design velocities and pressure level considerations were used for the
horizontal and vertical stabilizers. The horizontal stabilizer pressure level and suction distri-
butions are similar to the wing. The vertical stabilizer system operates at a different pressure
level.

Therefore, each aft unit has three levels of suction and three compressor sections.
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The suction system geometry used for slots, plenums. and ducts is also shown in Figure 37.
Typical duct system diameters are shown in Figure 38.

Four different suction pump drive systems were considered: Two systems integrated with
the primary engines and two independent systems.

Systems integrated with primary engines include a direct drive system and a bleed-burn Sys-
tem. The suction compressor with a direct drive system is driven by shaft power extraction
from the main engine. The bleed-burn system consists of a turbine using heated high-
pressure bleed air from the main engine to drive the suction compressor.

The independent systems use a separate turboshaft engine to drive each suction compressor
unit. The two independent systems that were considered differed in the source of the engine
airflow. Both free-stream ram-air and suction-air sources were examined.

A relative comparison of these different suction pump drive systems is shown in Figure 39.
The ram-air turboshaft drive engine concept was selected for this study. The suction unit
design for the wing installation is shown in Figure 40. The basic design requirements and the
compressor design operation also are summarized in this figure.

The compressor was sized by the required suction airflow. the compressor inlet total pres-
sure and the design exit total pressure. The wing compressor has two stages. The tirst stage
compresses upper surface air to match the pressure level of lower surface air. The second
stage compressor increases the pressure of the discharged air to the free-stream total pressure.
The tail suction compressors have an additional stage to handle air sucked from the vertical
tail. The tail turboshaft drive engines are, however, identical to the wing units.

5.6 LFC THRUST-DRAG-WEIGHT BOOKKEEPING SYSTEM

Suction engines on the LFC contiguration drive pumps that provide suction to remove the
slowest boundary layer particles close to the surface. This process retains a laminar bound-
ary layer and results in significant drag reduction relative to the turbulent airplane. Because
of the removal of boundary layer air and the additional suction engines, some care must be
exercised in properly accounting for the impact of the suction engines on thrust, drag,
weight. and fuel flow of the entire airplane system. The thrust-drag-weight bookkeeping sys-
tem used in the study is shown in Figure 41.

Suction airflow removed from laminarized areas is pumped to free-stream conditions. The
suction compressor. therefore. produces a gross thrust that exactly cancels the suction or
sink drag of air drawn through the surface plus the internal flow losses. The turboshaft
engines’ primary function is to supply the shaft power necessary to drive the compressor. A
negligible residual thrust is, however, produced by these engines. The main engines provide
the primary thrust to propel the aircraft.
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® SYSTEMS INTEGRATED WITH PRIMARY ENGINES

e DIRECT DRIVE: SHAFT POWER EXTRACTION FROM THE MAIN ENGINE DRIVING
A SUCTION COMPRESSOR

e BLEED AND BURN: TURBINE USING HEATED HIGH-PRESSURE BLEED AIR FROM
THE MAIN ENGINE TO DRIVE A SUCTION COMPRESSOR

@ INDEPENDENT SYSTEMS

® RAM-AIR TURBOSHAFT ENGINE DRIVING A SUCTION

COMPRESSOR RELATIVE RATING |

e SUCTION-AIR TURBOSHAFT ENGINE DRIVING A SUCTION é ggﬁf

COMPRESSOR Beans
INTEGRATED SYSTEMS | SEPARATE SYSTEMS |
DESIGN ITEM BLEED AND DIRECT |RaM AIR| sucTion AIR i

® DESIGN/LOCATION FLEXIBILITY - O ® o

e CONTROL FOR OFF-DESIGN OPERATION = O [ o :
® AFFECTS/DEPENDS ON ENGINE OPERATION D) ] o o a
e NET SYSTEM FUEL CONSUMPTION @) o (<) - é
® SYSTEM WEIGHT ® - O O 2
® DESIGN COMPLEXITY (= O [ O ‘
» DESIGN HAZARD POTENTIAL w - o O :
® DISTURBANCE TO BOUNDARY LAYER o o - =] 1

*SELECTED FOR THIS STUDY

Figure 39 Suction Pump Drive System Selection
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In cruise, thrust produced by the main engines balances airplane drag. Airplane drag includes
the wake drag of the laminarized surfaces: the profile drag of the nacelles, struts, and fuse-
lage; and the airplane compressibility drag, trim drag, and induced drag.

In airplane sizing calculations, the LFC-related weight items including the weight of the
turboshaft engines and compressors, internal ducting, and structural weight increment all
varied with the laminarized areas. Fuel flow of the main engines depends on the previously
defined airplane drag. Size of the main engines was determined by the TOFL and turbulent
climb requirements. The suction engine fuel flow varies with the laminarized area. The total
fuel flow includes the suction engine plus main engine fuel flow.

The standard convention in discussing the aerodynamic efficiency of an LFC airplane is to
define total drag as the sum of the airplane drag plus an equivalent suction drag. Equivalent
suction drag is defined in terms of the power, Pi, required to drive the pumps in the absence
of internal duct losses. This is a convenient way to identify the net acrodynamic benefits of
an LFC configuration. However, to be consistent with the previously defined bookkeeping
system, the aerodynamic drag buildup of the LFC configurations does not include the
equivalent suction drag. The suction engines and compressors are, however, sized to balance
momentum loss of the suction airflow including the internal duct losses.

5.7 TAKEOFF-CLIMB-CRUISE THRUST MATCHING

An LFC airplane has varied thrust demands because of low cruise thrust requirements.
Engines for the study LFC configurations were required to have a TOFL not to exceed 9000
ft. Additionally, the engines also were required to allow the configurations to climb to
35.000 ft with fully turbulent flow drag levels. The turbulent climb to altitude condition
generally determined the size of the engines.

The lift/drag ratios, thrust characteristics, and fuel consumption of the final LFC configura-
tion Model 767-773 are shown in Figure 42. The turbulent climb lift/drag ratio, L/D, is 26
percent less than the LFC cruise L/D. Climb thrust at 35,000 ft of the sized engine is 28
percent greater than cruise thrust at 40.000 ft. Characteristics of the STF 482 engine allow
the engine in cruise to be throttled up to 17 percent with less than a 1/2-percent penalty in
SFC.

These data show that takeoff and turbulent climb thrust demands result in an engine larger
than would be required for cruise. However, the impact on fuel consumption is negligible.
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6.0 LFC CONFIGURATION EVOLUTION

This section summarizes studies and results that led to the evolution of the final LFC
configuration. The initial baseline LFC configuration was derived from the reference turbu-
lent airplane by incorporating only the minimum design changes necessary to laminarize the
wing and tails. A praced-wing LFC configuration was then developed from the initial base-
line LFC configuration. Additionally, LFC wing geometry/cruise speed optimization study
was conducted to select the wing planform for the final LFC configuration.

6.1 INITIAL BASELINE LFC CONFIGURATION

The initial baseline uncycled LFC configuration, Model 767-769. that was derived from the
reference turbulent airplane is shown in Figure 43. This configuration was derived from the
reference turbulent airplane Model 767-768 by removing leading-edge devices and adding six
separate turboshaft-driven suction pump units. Four of these suction units are located on
the wing, and two units are located on the empennage. The wing and tails are slotted to pro-
vide laminar flow over 70 percent of the surfaces. The LFC suction ducts are integral with
the primary structure. Internal suction duct design permits low duct Mach numbers.

The initial baseline LFC configuration was sized to achieve design mission objectives. The
design selection, which was constrained by both the TOFL and iurbulent climb altitude. is
shown in Figure 44. A wing loading of 90 Ib/ft2, which corresponds to a span loading of 7.5
Ib/ft2. was selected. The selected design is within approximately | percent of the minimum
fuel burned and 2 percent of the constrained minimum gross weight configuration

arrangements.

I'he initial baseline configuration was sized for a wide range of LFC structural and system
weight penalties. Results are shown in Figure 45. The unit LFC structural and systems
weight impact on laminar flow control fuel savings and gross weight reduction is significant.
For this inital LFC configuration, a 1 Ib/ft2 LFC weight penalty change results in a 2.5-
percent change in fuel savings and a S-percent change in the TOGW reduction.

6.2 LFC BRACED WING STUDY

Previous LFC configuration studies and recent work by Dr. W. Pfenninger have indicated
that a strut-braced wing might be a desirable arrangement for an LFC configuration. The
strut-braced wing could atlow use of a large wing span. Additionally, maximum wing chords
that normally occur near the side of the fusclage are reduced by using an untapered plan-
form inboard of the strut-attachment station. The shorter chords reduce the maximum
chord Reynolds number and, thereby, ease the task of laminarization.
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Figure 44 Baseline Laminar Flow Control Airplane Design Selection
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Previous Northrop studies shown in Figure 46, and recent unpublished Boeing wind tunnel
test results, indicate that aerodynamic interference between wing and strut can be made
negligible by proper tailoring of the wing and/or strut, particularly near the strut-wing inter-
section. Results of recent Boeing large freighter braced-wing studies, were used to provide
design guidance for defining an LFC braced-wing arrangement. Strut-attachment studies
shown in Figure 46 indicate that the spanwise extent ot a simple single-strut brace is limited
by a minimum attachment angle of 13 to 15 deg. The optimum strut spanwise extent could
perhaps be increased with use of a more sophisticated jury strut arrangement, or a modified
body with increased depth between wing-body intersection and the strut-body intersection.

The strut-braced wing LFC configuration developed for this study is shown in Figure 47.
The strut is unswept to allow achievement of natural laminar flow on the relatively short
chords. The wing planform has an aspect ratio of 15. The wing inboard of the strut attach-
ment is untapered. The minimum strut attachment angle for this simple strut arrangement
resulted in an attachment station at approximately 33 percent of the wing semispan.

Results of the braced-wing study are shown in Figure 48. The selected design has a wing
loading of 113 Ib/ft2 and a span loading of 7.5 Ib/ft2. Gross weights of the sized LFC
braced-wing configuration and the initial LFC cantilever wing configurations are compared
in Figure 48. Both configurations were sized with an early assessment of the total LFC
structural and systems weight penalty. As previously mentioned in Section 4.3, the ongoing
NASA-sponsored LFC systems studies may result in integrated LFC structural and systems
concepts with a significantly lower LFC weight penalty.

Gross weight for the strut-braced wing LFC configuration Model 767-767 is slightly less
than the cantilever configuration. This reduction is the result of a lower OEW associated
with a higher wing loading and consequently lower wing area.

The strut-braced wing concept offers a number of design variables, such as strut chord,
spanwise attachment, strut thickness, sweep. and strut concept (jury or simple struts), in
addition to the usual wing planform parameters. that must be considered to fully optimize
the configuration arrangement. Consequently, the study effort was directed at optimizing
the cantilever wing arrangement.

6.3 LFC WING GEOMETRY/CRUISE SPEED OPTIMIZATION STUDY

A wing geometry/cruise speed parametric study was conducted to optimize the LFC canti-
lever wing configuration. The technique used! 16) consists of the five sequential steps shown
in Figure 49. The first step involves the definition of the study variables. Primary variables
included:

®  Wing inboard/outboard thickness ratios: 0.14/0.08:0.15/0.10:0.16/0.12:0.17/0.14
®  Wing aspect ratio: 8,10,12, 14

®  Wing quarter chord sweep: 102 202 H25%, 30

16. Healy, M. J.; Kawalik, J. S.; and Ramsay, J. W., *"Airplane Engine Selection by Optimi-
zation on Surface Fit Approximations,” Journal of Aircraft, Vol. 12, No. 7, July 1975,

593-599.
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Secondary variables included:

®  Wing loading: W/S = 60-1201b/ft2
®  Thrust/weight ratio: T/W =0.10-0.30
®  Mach number: M = 0.70-0.85

®  Optimum cruise altitude

Design constraints included:

° Range = 10,000 nmi

L Payload = 350,000 1b

e  Turbulent climb altitude > 35,000 ft

®  Takeoff field length < 9,000 ft

Principal design figures of merit included:

L4 Fuel burned

®  Takeoff gross weight

° Productivity

In the second step, the method of orthogonal latin squares was used to select 16 ‘wing
designs out of the possible 64 combinations of primary design variables. This design selec-
tion procedure provides an unbiased choice of the primary variables and is a uniform
representation of the design space.

Each of the 16 selected designs was evaluated and sized by the engine/airframe matching
technique described in Section 4.2. This step provides specific values of the optimized sec-
ondary variables and figures of merit.

A forward step regression analysis method was then used to construct approximating func-
tions to represent the relationship between the primary independent variables and each

dependent variable including the constraints and the figures of merit. The generalized form
of the regression equations is:

Dependent variable =  Cj + C2(AR) + C3(t/c) + C4 (AC/4) (Linear)
+Cs5(AR x t/c) + Cg(AR x A C/4) +Cy(t/ex A c/a) (Cross
Products)
+C8(AR)2 + Cg (t/c)? + Cyg (A ¢/a)? (Squares)

The stepwise regression analysis retains only the significant terms in the equation. The
resulting equations are not laws of nature, but rather represent a statistically derived data
enrichment procedure.
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The approximating functions can then be used in a powerful nonlinear optimizer to conduct
constrained or unconstrained optimization, sensitivity, and trade studies. This parametric
optimization process is described in Reference 16.

The design selections for each of the sixteen configurations that were analyzed are shown in
Figures 50 through 53. The selected designs all have a span loading of W/b2 =175 lb/t‘tz.
These designs were close to the constrained minimum fuel configuration and generally with-
in 2 percent of the constrained minimum gross weight configurations. The corresponding
wing loadings vary from W/S = 60 to 105 lb/ft2. These results imply that the LFC configu-
rations tend to optimize with approximately the same span length irrespective of aspect
ratio, sweep, or thickness.

6.3.1 PERFORMANCE OPTIMIZATION

Results of the wing planform/cruise speed optimization study are shown in Figures 54
through 57. These results illustrate the impact of the wing planform geometry on the cruise
Mach number, fuel requirements, TOGW, and productivity of the LFC cantilever wing
configurations. The surface fit equations are shown to be a good representation of the
initial baseline LFC configuration and the additional 15 LFC study configurations.

The spanwise variation of thickness/chord ratio is shown in Figure 54. The thickness/chord
ratio referred to in the subsequent figures corresponds to the thickness/chord ratio on the
outboard portion of the wing. In all cases the inboard thickness/chord is greater than that
outboard on the wing.

Characteristics of the optimum LFC wing planform geometry are summarized in Figure 58.

The optimum planform for minimum fuel as the figure of merit has the highest aspect ratio,
lowest thickness/chord ratio, and a quarter chord sweep of approximately 12 degrees. This
resuits in a cruise Mach number M = 0.78. The sensitivity data show that achieving a high
aspect ratio is most important for minimum fuel consumption. Reducing the aspect ratio
from 14 to 8 would increase the fuel consumption by nearly 13 percent. Increasing the wing
thickness from 8 percent to 14 percent would increase fuel consumption by 4 percent. Wing
sweep is seen to be a rather unimportant parameter.

The minimum gross weight configuration has the same high aspect ratio and a slightly lower
sweep angle than the minimum fuel-burned configuration. The minimum gross weight con-
figuradon favors a higher thickness ratio (11 percent). The corresponding optimum cruise
Mach number M = 0.75. The sensitivity data show that a low sweep angle and high aspect
ratio are most important for gross weight as a figure of merit. Wing thickness ratio is an
insignificant design variable in this case.

The maximum productivity configuration favors a high aspect ratio. Because cruise speed is
important for productivity, the optimum configuration desires a high sweep, and low wing
thickness. This results in a cruise Mach number M = 0.85. The sensitivity data indicate that
having a low t/c wing with a high aspect ratio is most important. Wing sweep is seen to have
only a small effect on productivity.
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